Introduction
Meningiomas are tumors arising from the coverings of the brain, which are typically benign but may result in significant morbidity depending on the location and size [1] [2] . They are classified clinically according to the World Health Organization (WHO) grading scale and classification of brain tumors, which include grades I, II (atypical), and III (anaplastic) for meningiomas [2] [3] [4] . Several studies have examined the clinical and radiographic growth rates of these tumors to better understand the natural history of these lesions and their responses to treatment [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Just as the apparent growth rate of a tumor by radiological imaging is important, so too are changes in the molecular profile and proliferation rate of a tumor in response to stimuli. Ki-67 is an IgG 1 class monoclonal antibody discovered by Gerdes, et al. in 1983 [14] . The antibody recognizes proliferating cells via a nuclear antigen that is absent in quiescent cells via immunostaining on fresh or frozen tissue. This antigen is expressed during all cell cycle phases, except for G 0 and the early portion of G 1 . The discovery of the MIB-1 antibody, which also recognizes the Ki-67 antigen, allows immunostaining in formalin-fixed and paraffin-embedded tissue sections. A growing body of evidence suggests that the Ki-67 proliferative index may be suggestive of patient outcomes in patients with tumors, especially in lymphohematopoietic, locally invasive, and metastatic cancers [15] [16] [17] . While the function of the Ki-67 protein remains unclear in central nervous system tumors, its presence is used clinically to assess the proliferative index of tumors, for prognostic and diagnostic purposes [6, [18] [19] [20] [21] [22] [23] [24] [25] .
Among multiple brain tumor histopathological subtypes, the WHO grading represents a significant predictor of clinical outcome. However, clinical behavior is significantly varied even within these subtypes, and so additional markers may play a role, such as the Ki-67 proliferation index. Although there is some evidence that Ki-67 indices may be an independent predictor of clinical tumor behavior, it is unknown if tumor proliferation rates are altered by anti-tumor therapy, such as surgical resection and/or irradiation. In the present study we attempted to address a key question: does subtotal surgical resection of meningiomas, and/or treatment with radiation, correlate with changes in the Ki-67 proliferation rate? As an initial hypothesis, we expect WHO grade I meningiomas to demonstrate lower Ki-67 index scores on first and second surgical resections than WHO grade II meningiomas. Furthermore, we expect proliferation to be diminished in meningiomas treated with radiation. We will further analyze the proportion of tumors demonstrating accelerating and decelerating changes in proliferation rates in responses to surgical resection and treatment with radiation to aid in clinical decisionmaking and quantifying treatment responses in patients undergoing repeat surgical resection of their tumor(s).
Materials And Methods

Patient selection
We retrospectively identified 3,900 consecutive anonymized patients who underwent craniotomies at the University of Pittsburgh Medical Center over a five-year period. Of these patients, 110 had multiple tumor resections with at least two Ki-67 indices reported. Forty-two patients carried the general diagnosis of meningioma. Of these patients, 14 patients were male and 28 patients were female. Thirty-five of these meningiomas were WHO grade I and seven were WHO grade II. Anaplastic WHO grade III meningiomas were not included in our study. Pathology reports were obtained for these 42 patients, and the first and second Ki-67 indices, time interval between resections, WHO grade, and adjuvant treatment with radiation were recorded for each patient. All pathology reports were compiled from the faculty in the Neuropathology Division at the University of Pittsburgh Medical Center.
Data recording protocol
For all eligible tumors, Ki-67 proliferative indices were recorded. For cases in which a range was reported, the highest value was recorded in an effort to reduce bias towards slower-growing tumors. When the Ki-67 index was provided as a less than or greater than value, the percentage value provided was used. When the Ki-67 value was reported as occasional or few cells, 1% was recorded as the Ki-67 index value. The time interval between the first and second surgical resections was provided in months. Patient charts were also reviewed for the administration of radiation during the time interval between resections. Exact dosages and treatment volumes were recorded for all instances in which ionizing radiation was used, when available. SPSS 16 .0 (SPSS Inc., Chicago, Illinois, USA) software was used for the statistical analysis. Multivariate regression with stepwise-forward linear and logistic regression was performed to identify significant variables that impacted Ki-67 index changes. Each of the histopathological subgroups was evaluated against relevant variables using one-or two-tailed Student's t-tests, ANOVA with Tukey's Honestly Significant Difference (HSD) post-hoc test, or Mann-Whitney U tests when appropriate due to small sample size or non-parametric data sets. Of note, using parametric statistical methods may overstate Type 1 error in instances of small sample sizes or data not normally-distributed. The results were analyzed for statistical significance (p<0.05). All data is presented as mean ± standard error of the mean (SEM).
Statistical methods
Results
The meningioma study group was composed of 42 patients with the histopathological diagnoses of WHO grade I (35 patients, 83.3%) and WHO grade II (seven patients, 16.7%) meningiomas. In total, 14 patients were male and 28 patients were female. The gender ratio breakdown for WHO grade I and WHO grade II subgroups were 12:23 and 2:5 male to female, respectively. The patient demographics and results on Ki-67 values, growth rates, and radiation treatment are provided as Table 1 . No significant difference exists between the first and second Ki-67 index scores across all meningiomas (p=0.710). Furthermore, the effect of radiation treatment on the Ki-67 index scores of the 42 patients was analyzed. Again, while there was no significant difference between the initial Ki-67 index scores in the radiation-treated and non-treated groups (p=0.057), a significant difference was detected between the second Ki-67 index scores in the radiation-treated and non-treated groups (14.0 ± 2.8% versus 7.4 ± 1.3%, respectively, p=0.022) with the radiation-treated group having a higher second Ki-67 proliferation rate. The age of the patient and time interval between surgical resections did not vary statistically between the radiation-treated and non-treated groups (p=0.124 and p=0.193, respectively).
Number of Patients Patient
It may be postulated that there is divergence in the growth patterns of meningiomas prior to a second surgical resection that lead to a higher second Ki-67 proliferative index score, and that WHO grade and treatment with radiation may be correlated with this divergence. To better understand this finding, the change in proliferation rate of a tumor can be determined from the absolute difference between Ki-67 index scores and the time interval between resections. This change in proliferation rate may be correlated with accelerating or decelerating tumor growth in response to a treatment, for instance. The change in proliferation rate of all meningiomas was found to be 1.4 ± 1.4% per month, while WHO grade I and II were 0.5 ± 1.0% per month and 5.6 ± 7.2% per month, respectively. Despite this evidence that WHO II tumors may be proliferating at faster rates, there was no statistical difference found between the change in proliferation rates of the WHO grade I and II meningiomas; presumably, this is due to the large variances of the two groups and limited sample number (p=0.256). There was a trend in difference between the changes in proliferation rates in the meningiomas of male and female patients (-0.7 ± 0.8% per month and 2.4 ± 2.1% per month, respectively, p=0.085). This data is noteworthy, however, as males tended to not only demonstrate lower tumor proliferation rates than females, but that these changes in rates actually represented decelerated proliferation. Moreover, radiation-treated tumors demonstrated slowed growth as compared to non-treated tumors, though there was no statistical difference between the changes in proliferation rates of the radiation-treated and non-treated meningiomas as well (p=0.198). Again, this is presumably due to the limited sample size of this study and warrants further investigation.
As an independent approach to analyze the growth rates of meningiomas, two subgroups were devised from all tumors: tumors that demonstrated accelerating proliferation rates and decelerating proliferation rates. The data from this analysis is provided as Table 2 . There was a significant difference between the two subgroups demonstrating accelerating and decelerating proliferation rates (p=0.026). Each group was divided with respect to patient age, gender, WHO grade, and radiation treatment to discover potential variables that correlated with accelerations or decelerations in tumor proliferation rates. No statistically significant correlative variables were identified; however, nearly significant trends for differences in the change in proliferation rate with patient gender and radiation treatment existed. There was no difference between the patient ages of the accelerating and decelerating proliferation rate subgroups (52.4 ± 3.8 years and 49.5 ± 4.7 years, respectively, p=0.324). For meningiomas that demonstrated accelerating proliferation rates, male patients tended to demonstrate lower rates than female patients (p=0.083). There was no such trend for a difference in decelerating proliferation rates with patient gender (p=0.284). Of the 14 male patients with meningiomas, 21.4% were in the increasing growth rate subgroup and 50.0% were in the decreasing growth rate subgroup. In contrast, of the 28 female patients with meningiomas, 46.4% were in the accelerating proliferation rate subgroup and 28.6% were in the decelerating proliferation rate subgroup. Of note, a greater proportion of male patients underwent radiation treatment for their meningiomas than female patients. Nonetheless, these findings may correlate with the natural history and epidemiology of meningiomas, including the relationship between tumor growth and hormonal expression [26] [27] [28] .
Furthermore, for meningiomas that demonstrated accelerating proliferation rates, patients treated with radiation demonstrated lower rates of growth acceleration than non-treated patients (p=0.067). In contrast, for meningiomas that demonstrated decelerating proliferation rates, patients treated with radiation demonstrated a decreased magnitude of proliferation rate change than non-treated patients (p=0.081). Therefore, it seems that radiation treatment of meningiomas serves to stabilize or "inactivate" tumor proliferation from accelerated or decelerated growth and thus to normalize the growth rate. This result supports previous reports of slowed radiographic growth rates in irradiated meningiomas [11] [12] [13] 29] . Of the 14 radiationtreated patients with meningiomas, 57.1% were in the accelerating proliferation rate subgroup and 28.6% were in the decelerating rate subgroup. In contrast, of the 28 non-treated patients with meningiomas, 28.6% were in the accelerating proliferation rate subgroup and 39.3% were in the decelerating rate subgroup. However, this result may be a product of selection bias, as meningiomas that progressed radiographically (and by extension, had accelerating tumor proliferation rates) were treated with radiation, and therefore a higher proportion of radiationtreated tumors exist in the accelerating proliferation rate subgroup.
Discussion
While several seemingly contradictory results have been presented thus far: (1) meningiomas treated with radiation have significantly higher Ki-67 index scores on a second resection, and (2) it seems that radiation-treated tumors demonstrated slower growth than non-treated tumors. How may these results be reconciled? The divergence in tumor growth patterns may be related to the gender of the patient, WHO grade of the tumor, and/or radiation treatment. However, a plausible explanation is that meningiomas that progressed radiographically (and by extension, likely had higher Ki-67 proliferative rates) were treated with radiation, and therefore an increase in Ki-67 index scores may be related to selection bias. The trend towards slower growth of radiation-treated meningiomas may result from the radiation treatment itself. As an alternative hypothesis, tumors growing near their maximum biological potential have a higher probability to decrease their growth rate following an intervention. As noted in the growth rate analysis in the Results section, men had slower growing meningiomas than women; however, a greater proportion of men underwent radiation therapy than women. It should be noteworthy that the Ki-67 proliferative indices of meningiomas should not be viewed as static values. In contrast, the proliferation of a tumor likely varies depending on environmental or biological conditions. An analysis, as presented herein, which accounts for changes in the Ki-67 proliferation rate over time and in response to factors such as surgical resection and radiation therapy, may serve to better understand tumor progression in a longitudinal fashion. Work remains ongoing relating to initial tumor volume, residual post-resection volume, and treatment with radiation to provide further insight into Ki-67 proliferation rate changes.
Conclusions
Meningiomas are typically benign growths of the linings of the brain, which usually grow slowly and cause morbidity due to mass effect on the surrounding brain parenchyma. In the case of these tumors, gross-total surgical resection may be curative with a substantially decreased chance of tumor recurrence. Our study is obviously biased towards tumors requiring a second resection, in order to observe changes in the Ki-67 proliferative index. In all, data relating to the Ki-67 proliferation indices of recurrent or progressive meningiomas indicate that there are three distinct types of growth patterns of meningiomas, consisting of accelerating, unchanging, and decelerating proliferation rates. Male patients tended to have blunted changes in proliferation rates than female patients, with a greater proportion of female patient tumors demonstrating accelerating proliferation rates. WHO grade II meningiomas were more likely to have a higher Ki-67 index score on second resection than WHO grade I tumors. Furthermore, radiation-treated meningiomas demonstrated higher Ki-67 index scores and likely correlated with clinical decision-making regarding the treatment of more aggressive tumors. Radiation treatment appears to stabilize or "inactivate" tumor proliferation and thus normalize changes in meningioma growth rates. As radiographically progressive or aggressive tumors, often in surgically inaccessible regions, are treated with radiation, this would be a desirable effect. Further studies on Ki-67 proliferation indices and changes in tumor proliferation rates are ongoing.
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